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I. [FOREWORD
This report was orepared by the Radiation Effects Operation,‘Defense
Systems Departmen£ of the General Electric Company on NASA Contracf NAS 1 - 15G5.
The work wasvadministered under the direction of W. C. Hulten of the National
Space and Asronautics Administration at Lanéley Field, Virginia.
The étudies Qresented began on November 24, 1961 and were concluded on

June 1, 19éz.

3, a

in Philadeizhiz has also assisted greatly in thz solar cell rousurarmonts

Dr. J. W. Corbett, General Electric Cémpany Research Latoratory in lohenestady
has provided valuable zdvice and direction in the eariy stages of this si
The cooperation of W. Resenzweig of the Bell Telephone Laboratories iﬁ Murray

Eill, New Jersey, is appreciated.
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ITI. INTRODUCTION

The discovery of large intensities of ionizing radiation in space has
shown the need for rather extensive radiation damage studies on the electrical
and mechanical components used on space vehicles. Space radiation consists
orimarily of elisctrons andlprotons. Radiation damage studies using electrons
are fairly straightforﬁard; there afe many SOufées of high energy electrons
available for this kind of.exoerimental work. This is not true for orotons.

Protons of energies up to around 3 Mev can be obtzined from electrostatic
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accelerators,; but for energies up to several hundred
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tors aregenerally réquired. These machines are not comnon, nor are thsy zenerally
availéble for extensive radiation damage studies, Little data is avallable
as to oroton damage to sgquivment; exvnerimental studies usSing protons arec
often slow, d;fficult, and~exuensive.
In organic materials it has been fairly conclusively demonsirated that
equal doses of radiation {vhere the dose is expressed in terms of absorbed
energy) will cause equal damagebirreSDective of the tyve of radiation invelvad,
To date no such équivalence has been demonstrated in inorganic materials.
If a damage equivalence were established between nrotons and neutrons,
then the enormous amount of neutron damage data and the comoarably econumical
and cohvenient reactor facilities could be utilized to obtain irradiation
information on mater;als and devices to, in turn, vredict their damage in
the vroton environment in. svace. Recently questions about the latter annroach
have been vroposed. To this'en&, this study vas undertaken for NASA.
The objective of this study orogram was to determine if a damage

correlation existed between vrotons and neutrons in semiconductor materials. A



1. A st.dy of the basic oroton and neutron damage processes in

semiconductor material to determine a basic theoretical correlation.

2. Using the existing experimental proton and neutron damage data
in the literature on semiconductors to arrive at an empirical
corralation.

The correlation determined by toth

tested through carefully contrcllied radiation exgzrinents.

During the study program, it was found that both of the above tziks weuld
not yleld a useful proton-neutron correlation. It was then decided to usc the
experimental program to carefully determine the damzze correlaticz. Silicon
solar cells were chosen as the test item for two rezsons: They have 2

convenient basic diode structure from which we cculd oht clesn tasic datn
n clean i

data on the cells themselves would be useful to NASA from 4hs space radiavion
environment considerations. Tests were coﬁducted under fission and aoderai:d
neutrons and various energies of protons.

Thus, the report presents the results of the study program at determining
a neutron-proton correlation by three aoproaches: Theoretical, empirical using data

from existing literature;and experimental, the latler yielding a correlation.




Iv. DIZCUSSIoN

L.  THEECRETICAL CALCULATICH OF DAMAGE

-

processes in silicon. We will chovw, within the state-cf-the-art, that a proton
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deapee is busiecplly different frea neoutroa drmage in silicon.
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:9 Ppplying equstions (1) et (2):

A0 = aT = aT | (6)

VYhere:
7 = XE,
!
- “
P, = k55 x10 J"(av.m)a

. -2
For relatlvistic velocities 1t must e moted that b is preporiicnel %o 7 and

aot the irverse ¢mergy. This 4s bessuse the nementim tysasfer is oo Lierersing

Tunetlon of the tims spent in the elgetros'tatic ITield. The Dl =eletivistic

|
~ cxroes section is then:

-

¢ ,_.,2 ~ 3
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To obtain ths crons section for rseolls of emersy oo

we Integrate:

c(prl)é fi,

= TiP
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Iy = 1.3 mov for 10 mev proton; '.l’i = 12 ey

T >7
n i P
o (r>T) = €< = 8L.54 berms
o2 g2
i8
For silicom:
2.2
A -2 C 2
92 ar {2z = ) S8 x 1D T svecm

v o2
{1, €)

e 3

oh =
The dez:si ty of siidcon is ~ .052 x 10  mboms/od

Z = No = ka2y/ 82 gn.]," (9)
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For energies gresater tham shout 500 ¥y, the spallstion cross section cen be
frportant. Fae smeoﬁ micleus is ztout 3 x 1023 cm in redius. Tais is larger
then the wove length A = A/2 7 of the protom. For purposes of gettirg am
ipper 1imit ocn the spalletica cross sectiom, m cen use the eross scetion of a
gphere, 1.¢., m (R + R )2. Fauin resulis in sm upper limit of .6% bams.

How izporteat 't:niss:::s 8epends ca the mmber of defects produced by ove primary

interzetion.

Yz cre interested in the moutron cress sections et meutzen szergies, fowrd in s
reactor. The fissicn ancetium mrt”sﬂ whal croon gootion Sor siliema is
3.12 barms. The averege czoss secticz for nsutroms roz the SI/EY spectrum ia

2.45 barns. As it will be seea frox suscecling sccbicns, thess zxe b ondy

mohers ve nocd.

2. 48 CASCADE
If the ezorzy of e koockom is belew sbout 20 kov fer Bilicon {vbere screenei
Rutherford sezttering seis in) the sestisring off other atoms is mproximately
isotxopic in th2 ceator of B25E ensordiastes., TFor seattering of two identicel
paxrticles, this correspomds to econstenmt distribution over all ezsrgles bezlow
the energy of the ineident kwockon for ‘both tz:te onergy of the recoll atom
zxd the wergjr of the scattered atom. Below scpz energy ?e’ there is little

energy loss im erer~s dus to electronic excitation.



»n = Ez3s5 of electron
I = jonizaticm potentiel for imsulaterc. .
For satizcting the eworgy whove eiselvoaic excitaticn besmes & mador fyoctlon ol

the coorgy less, Sekweinler {3) hes eslewlated thresholds for FEotens wilh soveoral

Eirveticns of moticn In the ervalcel. There gre:

-~ .:;.‘, -

< 131 ;;".'g &7 Q.8 Lev

Ea™ y <. Trme ay 3D, " [N S NPR 4 I N RO A [E0 TSR S
Tnewsgh the movieg slllcom atsm Ine o €iffcyent poioBial Hhen o TertoR, R ol
B, o= - oy o DIy A G T - & o - ~<s = T TR VU P, Syl I, I S e
ioxtures mueR &3 hFetndlils, mEEIER, §%S., wOuld cclmy oU cornoimaloly o moin

oY e s —— 2~ e ¢ &2 - O am £ Ay P4

vele2ily beemune of mootohn sonsidaToiiens 4n the enicr of moes of ko aiiicon

oten~clociron system. E»quatie»n {12} gives 2 o= 7.6 Zav, wsing tha 1.10 ov

exeitotion thresheld emergy giver by Schvsinler.

The valuzs of (cIE/éx)e are not Xncwr. It is known thst for cmergles cbove tha
threshold, it ie o major fraetion of the eneryy loss. We are foresd by this lock
of kzowiedze to use the @rvdmatien cf Seitz and Xoshler (L) and essume oll

enerfg,r egbove f is Jost to ﬁ«ect cnie excitation, i.e.

&T) = T, P2%, (13)
. e



Yor the sbove cenditions, ibe methclis of G. H. XKinchin ad A. S, Pacse (1)
give the following rozults:

CGiven a prmmv Imocken of ercygy, T = i'?e the mmbsr v(E) of
@isplacezents in the easends is: ‘

P <P <L
w{F) T, <727 | o)
(T} = f/e'»zi E‘Ei <7 5 Ty -
¥here T, 1= the cxergy o c?._s‘zalfzm w2 oo Ei % 32 . Tor emtryics srertsr thon
2, eccording to Diozes Vineyard {2}
v{E) = &{T)/zz,
Fhore: ,
e{7) = fT {cz/ax) {{L@/ﬁ&_) 4 (m,/f%;}l &% (31)
o e { 2 [ (;
. g V%

{a‘g/&:z}e = the ezergy loss por o3 0 roeodl ofhens

e

3. ELRCIRONIC EXCIEATION

Kinchin s=d Posse {1) guote Seitz’s formule for the sleetrea exeitetion
threshold eg:

. |
T = _ R ¢ for imsulstors (12)



L. CROSS SECTIES FOR DISFLACEMESIS
™e calculeie the cross secticn fer 8isplocexsris by protons; we /atrgzsie the
dirferantiel erzes zzclion for & primaxy mom of czerzy T times the raufer of

soczniery Imecionn im the casesde over T

by .
c, = [0 { o5 ) o{TEz
i a? _
- — : . 1
- 2 _fv“"i {& )&z + 1 e {““ym ap + _jf?m. im { &7) e&r
2 g & Pkt o 5 &z
b Ti & 1 i i & ;
P - . 2 .
> 2 1 . 2 % s + 5 or B << T
i < i
Ti 52 L 2 2 ﬁ@ 2 J e"lg}}
P . _
~ 3 & i
= 2 {(3.88) = _:_5 %5 (pisplacements JoB )/ {(vacion/ &)
mo 2 2
“i B B

This cross sectiom is very imsensitive to the choice of i,. For protons we
4o not have to be too concerped sbout our choics of Te gud the shepa of the

threshold of electronic excitation.

These cross sections are shown in Figure 1.
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For ncutron displeccEemt cxoss secticons, wo are concarrei ebout the source
spsctrnm. The pormal source of peutron: is a me.é’tor. Yosi; reester spectra cam
be well represented by three componenis, the fast or fissicn peutrors, the
epithermal or 1/E %ail peutroms and the thermal meutxops. Except fa the presence
of 1lithium or borca, the thermal peulrzons do very little dsmsge i silicon beesuss

of the smell cag;\imm cross seetion. "Ihis leaves us vith ithe foliovwing sjectmum:

“{z} a8 = & (B) 4B + § (E) a=

. T
¥g (E) = § L .24 e ginl v/’,}.::,.;\ J
55'2 (E} = §e [F/J o 023 g7 <o 8 < 1.5 L8Y
= 0 ‘ Otksrize .
Ynere:

¥ = .05583

”*f = mmber of fissicm nowimozs

§e = mober of epithezrmal reutrons

52 is very eporoximate, however, the exvor imcurred by using it is smell compere

to other exrors.

Ty 10 out 1.5 ooy Towtzos scotioving 18 isciropic in he cemter of meso
mmina‘bes. Pox imﬁmpie ~.ater of moss scattering, the distributica functica

of knockons i @ meutraon of emergy E is:



> #z)er = - g3 0 <7< .133%

(16)

= ) othorwiss.

3

L. = .

&

Ter a osuiovs esergy of 1.5 mev this remidie iz oely 4% of the Imeeloue

w.

belew 7.6 bov. ¥ith a szcll ovror, we eon aomwme &l & the § (B) (fiszica)
R

. PURP T YA R Anrom 3 (o T Tiat oo e Prmn S e EVme e
=2 :u::::tz ) Uuol =32 ;1‘.3‘.5&0:18 dn g;;.-w..ﬂ.ﬁ [E XA «C‘ L&Y o N i.:ﬁ‘: PRALGHORALN B R U A A R N
D sy m T, AP FTTF AT o s e o iy AT o ein forgds SRR e R A e
TITISe CLLDGSETE Os S CRODINTUZEELNG TOX DRI Zo SOLLL LD ey el ToGulE

s ,.- ~ g iy % J..
Zex ieplozioimls is thems

AR e i N

317 = (3.32 3w} =

serkIin

Doy

Al

eredpmlene o ey gl
AL G WS S e p:ES

L]

Hax {‘I/K;’ 0033 ov)

=5{ 2t -1
'Y ‘.[‘2

) &% .@333 ev < T < 159 Kev (17)

= 16.79 &7 0T L0333 ev




“fu is of ix‘erest to note the frametica of prizxy knockons im each luterval.
| T <12 oy 513
I2ev < T < 7.6 Xev .359
7.6 ev < T < 199.5 Kev  .128

The ayorige mumboy of displacsexazts per epithermal neultron eolligior is then:

I R OF:
p-
Z
i

r & 3 -3
el ~ T X - At
R N R
L= ]
= © .9 + 337 + 723
D L ‘ ] 25;
= 58

The cross section for &icplacemozat iz 149 borms. i“m:'c are 119

but vhen the 51.3% of the collisions which pmme@ ro {isplacoarnt are syercged inm,
there are only 58. ZApproximately T4% of the primevy é‘.mlacc':*nm result in dezoge

clusters smaller then the 317 displacements per cluster for Post meutrons.

éisplaman‘cs, i oxly prizexics which eve krmockod ocut of thszlr siie ave ecosidered,
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The coscode from ome collisior will ccatein all the displecemants in s =l
region. The modivm rezage of o primzry Liockon is shtout 23 Z per Kov (5 ond 5)
For primasries of groster thzm a8 Kev. %he distribution of finzl locations o/
zorncemergelic priviary kmockons is gpproximately spherically symmetric sbeat the
redion ramge (6). It follows ihat the Jistribution of 1l the displeeconts im the
caserie will be soovoxizasteldy spherieally syzmotrie. The volrmz of :his elvster
wlite 5121070 B e, 7inxey | (39)

e & menm 3 . 1622
Teo @ausity of eildeon Iz 5.2 x 20 atcms/es.

2
- v~ P S E frm W Jrenh
F = Z550 ¥ sbtoms, T im Fov [P
|
|
|
T AE 5 CIACI AT TN URSTRAY TOETIVTITIE
1 5. THIFPING OF VACATULES 50 IO TEIZES
2 For o LIRS Y N IR P RN PR
Thore 12 cmile evidence (7 thrmu 10} thot the wvassat Iobidiesr sile, soreatel by

chking gn gtczm out of position, csa move ddoub the Litilen of room tomm

Fommr Aems i e O,
VEDLALT L3BTS el ST 2T

£ 5 - - A .
This motlon is thz rosult ef en cdjocecont ciem

€r

e vocnnt 2ite Im its former position. The voumacy, thoush o siross combor itsclif,
cun pertielly relicve the stress in other strszs ceonmters (lstiies defscis) such es
iﬂpvriﬁy &tems, lsttics disloestions, iaterstitizls, oml other veesmeies. In the
stress £icld of tic stress cemter the renfica jume of the vosoncy hove & prelforns
Qirection towmrd a lower cmergy stade. Omer ia the lower encrgy state the vacancy
ic trryped unless the therzel energy (EF) is the ordsr of the bizding excrgy of
this state. ZFhe vacamaey will diffuse through the latiice watil Treppod to foxa

stehle defects.
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levels per (Bv + .3) levels. %Yo expect @ lower ratic for protons. These two levels

are izportant becfuse of thalr effect an lifetize.
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6. ATALYSIS €7 DRIAGE DATA

L3

o)

In semiccnductorz e ore =ost comcoracsd with lifetire dmmoge. iz iz the

proverty mest affected by radiation and the proporiy vhich device operdticn
deponds most stromgly om. G. K. Werthein (13) bes oneiyzed electron dmsge data
to obtain the iifetime &cmege per defect axd the hole ord electromr crplure cross

sections using: . 3

i
.
b

(20a)

§
-4
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grouzd state.
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Y 5 ohm-cz p type silicen we obtaiuned c = 1.8 x 10 @ e o, = 1.9x10
for & level ot {Ec - .16)ev. Be hodl ¢fficulty amalyzing his @ata becauze of oifecis
froa the (B + .3)ev level. For 5 ohm-ez p type silicon the formi level is ot
gbout (Ev 5 .21)ev st room texpersture. Ir 2 obm meteriel with the fermi level at

chout {E + 1.,; w2 could expect this level to be more trowbloccz:. In » type
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Ye &o Xeow how moey vaczacics are tramed in ench type of defect. So using

soler enll éeta emd crose sechions crlculited accordirg to preceding cecticms, o
-

eaionloted the lifetime doxage por vacoaey per o {1.e., d4cplscsment), by

Thzee

dividing the iifetime domegze ccastamt by the 4ioplecesent cross sectios.

celeuletions coe listed in Toble IV. XK the diffusion lonsth demoge ecpstamt eam

26
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be refuced to o lifetire domege comstant by nanltiplying by the &iffasicn comstomt.
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3% 18.0 63.8 3.3x18 = 16721 k.T308 1.5 x 1674
- [_‘ -
k59 7.8 3g.2 z 1977 U3 x 10
fyozoge B, B/2 2= bghaoT! 122 x 190 ¢

I =2 divide

-

Ey, D/I4 ie thon the lifetime &smage poT vaemey (£.c. disninomzant).
by the lifetizs dczoge peor delect, )"r from Teble 11T

voconey.

ED = ..5 for 1 chm § type {Gefocts/vecmicy)
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= 8 for 2 ok P ime.
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role is themzily =mitted. This is a eorjlex siteation. Zovever we c3n check

this neisl by ewsparing to 1ovy tomorature Jata whevre thka probobility of thorzal

exl=zsion iz low.

G. K. ¥orthoin (17) irredioted £ ohm-om sezples of cilicon to fiaslon piais
neutrons. Ths peximm lifetinze Comege constents wore .66 x 1077 @ (sec-neutron)~t

ur Y - L
at 110 X° iz = typz == .55 x 1077 e {z@z-poutren) 1 e @t 120 X% in p Yyoe. Tho

o L

. CYp, — e o > Fat o Z [ S . e, . -~
for fizsciea mooitrons is 332 boros or £ =30 cxn . Undrz ohcotnon S hRola
e d ’ - .
o ] - P S 4 3G P D - o ey -t g 7 .,
toormod viiooivies of 1.2 X 10 ' cmfeoe oni 1.9 x 107 «nfzee.
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Sizee caly £C) of the meutrons kel & bigh poehodility of etusinz o 7.6 I oriss 7

E, = .9x 172 for n s
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carriers will zst b2 racc@bined evem &b this losror tomgmorstuza.

T. SWEEUARY
In surzary, neutron demsge ie basicnily dif%sroni fwxm proten demgse. Dsutren
&em2ge on minority cerrier lifetime i3 more dopendent on tho sisme {erosa zectiom
zrez) of the cluzior them the type of defaet 1o the cluster. Cannges in irsurity
concentrations will have 1ititle effeet en the cleclrar ¢nd heole roeembinadi
coplure eroos sections, “ooton domge wosulis in defects which cza effect the
lifotize mecordizg to type of defect. Thus, the coptuze crozz sections are

inflvenced by izpurdty coneowtration.
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OF PRESENTLY EXISTING DATA

radiation data cn semiconduciors has been analyzad

The bulk of ¢

radiation damage data is on transistors while the proton irradiation

demage data is onsolar c¢eolls. The electrical parameter which is common to both
of these deviees and is an indicator of radiation damage 45 the minoriily carrier

lifetime degradation of the base region.

in

.
the form

of a damage constant X.

The lifetine degradation consiomt K is
defined by the ‘expression:
i/ =1f +%xg
7 T0
where %o = initial minority carrier 1ifetime
§ = {inal minority carrier 1ifetime
§ = accumulated dose
In the case of solar cells an additional lamags constent is is‘?cda:‘;
of its more direct relationship to the mechanism of device fatlure. Thiy f
minority carrier diffusion length danmaze constant, KL. IT is deiined by

expression:

where Lo

|

L

and is

where D =

For p on n cells, D_

= i "(‘>
1/L2 1/L02 + ij
initial minority carrier doffw51on ilength

final minority -carrier diffusion length

related to the lifetime damage'constant, KT, by

Ky &

- DI,

rinority carrier diffusion constant.

for 2 ohm-cm silicon (1€

The radiation dimage can be expre

vhe

2 : ' - : . 2
= 10 em /see, and for n on p cells, D, =25 cm [sez,

(O N
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1. SOLAR CELL ANALYSIS

In the solar cell analysis, the diffusion length damage constant is related
to the proton energy. In mosit cases the damage constant is reported directly
by the experimenters. In‘the cases where the damage constant was not given and
some information of the spectral response change is known, one can determine tha
diffuéion length damaze constant by means of the spectral response - diffusion
length reletionchips as derived by Dale and Smith.in Reference 18,

No analysis of diffusion iength degradation could be performed from data vhere
only the degra&ation of power outout or shor’ elreuit current responsz to one

sun or tungsten iizhts was reporied.

1

7 ] ST o e < o % T e e SV S e m R A RS S
The data analyzed is swmarized in Tables A-I ihrough A~V in ennendix and in

-

Figure &,

[
[¢5
i

No information on the effecis of neutrons on solar csl
available.

In Tables A-III and A-IV, the value KL’ is the damege constant calculated by
RCA from their Speétrai response data,

In the data presented in Tables A-III, the discrepancy beiweenAdamage constants
K‘r &etermined from lifetime measurements and those from speciral response data was
believed to be due either to the methéd by which lifetimes were measured, or to the
difference between equilibrivm and transiehg‘lifetimes, Values of damage consiants
obtained from spectral response data were considered by the experimenters to be
more reliable than values obtained from the pulse injection method of measuring
lifetimes.

Figure &.is a plot of the average vaiues of KL VS. protpn energy, (Tabies A-I
ihrough.A-V) with spread in . ..a indicéied by vertical lines, regardiess of the source
of information or the experimental conditions. No attempt was made to draw any
“éverage" curves, but this'figuré gives an idea of the order-of-magnitude of the
spread in damage constant values, and Qf‘ihé'n/ﬁ vs. p/n variation. For compariSOn,;

the transistor data of Hulteh, et.al., (23) is shown.

LN
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oo it
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2. TRANSISTOR ANALYSIS

P

energy or the reactor neutron spectruz. In nany revorts the damsge

was reported directly. In others, the constant was caleulated when

data was reported, by the following method.

[ DL, T S
COImon erivLer

51
o
5
o
o3
(o)

he effect ¢f meelear radiatio

{n..), as develcped by Loferski {24) can be related by the !
FE
- I ~J .
1/h = Ljho  + X
Yihpg = Lilggy * SR
neglecting exitter efficiency and surfacse elffects whove,
h_. = current gain aifler bomubdbardizent

h?Eo = current gain initially

average transit time of minoritiy carriers in ‘base
(=1 4

radiation dose

W o
it

= 1ifetins damsge constant
and K is related to minority carrier 1ifelime + by
T

- . g
ll'r - 1‘/1'0 ¥ g‘rl‘"

o

The average transit time of minority carriers 4in the base re

has been calculated by Moll and Ross (25) as follows:
for uniform base,\
£=W/2D= 1fen 2
/D= Y2m 2,
for linear graded base,

- 2 -
t =W/ =1//Z7 4 f b

The approach to the zmalysis of the litcrature on ruclear
Py 3

ansistors was ito relate the lifetize damage constant X +to the
T

iy

R

32
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whereA
W = base wldth
D = minority carrier diffusion length
fqb = alpha cgtoff frequency

he zbove expressions agree well with experiment, except in the case of

)

P.J-P germanium transistors where the effect of depletion layer widening of the
collector region is apprecisble. This case has becn treated by Easley and
Dooley (26) for the germanium slloy tramsistor with unifor: conductivity base

. . . e veat Ak Ao tlie Boee
region., His results may be writien in the form:

.2 - 2..2

1/h§.E = {1/h,. + Wo'X /2D (W /wo")
for the case wh o> 1K &
Or in terms of fre ency cutoff parametiers

li-_ I»-A.' o~ s .“?‘7 *

1 "l FEo + (1l/2mt RK+z)s £ . ,F

/hﬂE i ( < (‘-'bo) . "2—‘ 2of b )
'I‘rms, the lifetime damage constant for silicon and geruemivm trensistors ic
given by

v, K l’ ky o

K, = (hgg, - "FE 2l B oppoReg?
and for the case of 2.I-P germ Tvm transistors exhlbiting desietion laver

(=1 ~~ Iy '+

widening (i.e., a change in fnb) is given by

B = (g o = Ppg) 2 o g Mol

The results of the calculation of the damage constant for proton irradiations
of siiicon and germanium transistor is tabulated in Tables A-VI to A-X. For the
PHP germanium devices no damége constant was _calcizlablé {or those transistors

exhibiting depletion layer widening for which'a final alpha cutoff frequency

measurement is missing.




;9

3

3. STOMARY

The average values of proton damage constants for germanium and silicon are

n

hown in figures 5 and 6 as a function of proton enmergy. In figure 5, the RCA

3]

rd BTL solar cell data is shown for couparison.

g

The results of the calculations of damage constant for neutron irradiations is
shown in Tables A-XI to A-XV. No plots of this data were made because of the iack

of adecuate neutron spectrz information. The estimated resistivily and carrier
y Yy

-

concentraticn of several iransistor base regions is shown in Table ALAVI.

Vo 3 - : kS e ey Aes P TN P R . T it e m, PR 3 SN S ~
Referencing the open literature data on neutren and proton rullinticn dsnaze

R [ e D d sy ammd . ST T I ES PN S PN SR R T I - KR,

on silicon 2ad germanaill LT W3 D0U 2CSELLiE LW detziiloz a wollisols noniTon~orolon
B &

3

correlztion. The reasons Jor thls ars:

) m, - o . PR
2) The spread in the nmzuiron

Experimenters nad used different neulron spiriios wmich wore not rescoted
adequately for analysis. The neutron Lrrvadigtions on dilferent lypos of
semiconductor devices and materialsz also Zmiruduoc:s g wide sprasd o dols,
b) There was no datz which was taken on similar seilconductor samplas under
both proten and neutron irradiations.
Other investigations have alsp found difficultly in analyzing exiuting data to
determine a proton-neuntron correlation as indicatsd below.

With reference to Table V RCA (21) pointed out the similarity of the electren

and proton values and the difference between these and the neuiron values. The

wues of K¢ fdr‘electrons and protons are very nearly pfcpor%ional to Nygs the

t.tal number of displacements, whereas if electrons amiprotons are compared wiih

neutrons, the values of K_ are more nearly proporuional to 0, the total number of
. . s o

collisions, than to nys S' -= the total number of lattice displacements per ceriimeter

was nearly the saxe for neutrons and for protons, this suggested to them that the
electrical damage resuliing from the high density displacement spikes occuring in

neutron-irradiated silicon was far less than that produced by the same number of

3%

individually displaced atoms produced over larger distances in proton irradiated silicon.
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TABLE V

COMPARISON OF D.lIACE CONSTANTS IN SILICON

o AT AT T NERGY . K« G RI%,
DARTICLE Hev 9 min n Ny n-type T-iype ot

———ilor .

Flectrons  0.75 46° 0.65 0.65 1.6x1077 10

Protons 17 0.21°° 185  1-2:0° 107* 2x10™
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cautiorned that they must not be interproted as much more thar guilcss. For p-tyves

silicon of about 5 ohm-tm, the comparisons were approximately:
= 2
40 ¥ev protons: 1/em
\ 3, 2
1 ¥ev electrons: 3 x 10”/ex
- 2, 2
1 Hev neutronss 5 x 16" /em

006{) gamma rays: 2 x 1073 rads

He pointed out that many more ccmparisons of this sort must be made in detail
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A sizilar cogparison was made by Battelle (27) a?d is tabulated in Table VI.
iitacuzh no direcl estimate of proton—neatronv damage was reported, an estinated
value is inferred I-om comparison of tic proton-electron with neutron-eleciron
danage rates.

They &lsc wara tlat these values should be used as order of-magnitude est

Zereo?f timates
since the cuantities wery selected on the basis of ¢ zoatibility of data, a csarieln

PN A ® A maan S 3 At - e 3 ~ P £ - \
coocunt ol TReCTelilal Coenn llratlong and 2 ot of CLO2SHOTK,



TABLE VI

RELATIVE DAMACE RATES IN SILICON

ESTIMATED DAMAGE RATEC

TYPE OF RADIATIORN - ' RATIO (2/B)
A 17 mev protons SG0 (=2ee note 1)
B 0.75 mev eleetrons
A LG mev protens . : 340 (see nots 1)
B 1 mev cleetron
A Figsion Heutrons I3 {zos note 23
B 0.75 mev electron
A Fission neutron 50 {sze note -}
B 1 mev eiectr'r

:} A 17 mev proton _ i3 Lszz note &)
B Fission neutron
A 40 mev proton 5.8 (se2 note u)
B Fission Neutron
Notes:
l values estimated from data on degradation of solar cell elficicucy
2 value based on data on damege constants for solar cells by electrons and

p-i-n junction by neutrons
3 value based on carrisr removal rates
4 values inferred by ccmparison




C. EXPEXD=NTAL PROGRAM

1. D3SIGN OF E(PERIMINT

a. DESCRIPTION OF SOLAR CELLS
Several (ypes «f solar cells were used in the proton znd neutron irradiction

experiments., Approiimately ecual mumbers of p on n eells and n on p cells were

3

used. The p on t cells were made by Hoffmann with an Adveri designed grid structure,

LY

These cells aro 1 om vide x 2 ca long and are approrimately 20 nils thick, Bolore

rs - P} . . - RS R
the irradizticns ware yverformed, ithe short circuld currents under a carbon are

4 s - . -
., e R Tt -~ ~3 oo Ao ns ey oy . me A v e - e -~ 5 g
SOUINCE ¥WES MAIZUrSl and alsc Wie Inowy CLreuly ourstons LT T LIn Soaree
- L . .~ . B S T P, - AT 2 e
vag obtained, Only tacey ezlle wioes fumzeton sharh zliyoe s suvsonte Dol ooithon
S A3 A e s o toew T e - R -
& ;a.l.\»:;e oL Cu Ca CLllen e A LU T WO TSt

Thezse cells all have siiller VoI charzciteristlics ant have somvorsion el coiermcons

5

] - .o cmam eyt L < S S S P e I T
M & Space Sun Sourwe 'VILCH are seautier2a onell Ui - D T CT T JUALD wCrte ™

T~ 5 eamyy S e - & R Ammy ~
shorl circniit cuvronts 0L This LY

L7
0

m‘

»

-3

¥

Q

the p on n typs celis. d 3 ! - meosurcIinis nad chort cliouit

PN S !
SNJOILLY O4

currents whlch varied

these currents centered about &0 milliamps, It was also observed that during the
- V-I characteristics neasurements a good portion of the cells cxhibited a ver
erratic current. In general, the breskdown voltage in both the forward and revorsa

directions was lower than for the p on n type cells,
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b. DESCRIFTION CF RADIATION FACILITIES

1} Proton Accelerator

The proton accelerator at the Melill University in Moﬁﬁreal, Quebee, Carads is
a synchfo~cyclotron having a pole diameter of 82 inches and a magnetic field of
16,500 gauss. The RF fréquency is modulated sinuscidualily betwesn 28 and 21,
megacycles Dy 2 mechanicallrotating condenser, and the proton acceleration occurs

in the 25 to 22 megacycie range. The accelerator is pulsed at a freguency of &00

o
b5
¢)
e
)
v
2
t
o
€]
s
=

1 order to optain a2 varliable bsax ¢

- - g o ot
on thes modulation frecusncy which

o

two up Lo a factor ol

. In our erporinment the
down a factor of four
obtain a higher {tolzl

- e 5% 2 mS & - - s e S OT veasy i LY . »
accelarator but still insids the vacumn system ig €0 meve A 10 mil Dress disc was

. - * b agcis S ra V. & o peen g PR N S S T s g e
incerted et the emtrance of the arift tube. The snzrgy losc throush this trass wvas 1.1

mev., A 10 mil =2leminom window was attached to the ond of The dvift tube. Ths

emergy lost through this window was 0.4 mev so thal ths “olzl energy loss of the

ON
L
N
2]
W
<
L]

protons was 1;5 nmev making the avzilabie energy of the beam ©

2) Reactor Facility

The fission plaie at the Batelle Research Reactor Facility is mounted on the
end of a four foot square thérmal column of graphite., A& large sheet of boral is
inserted between the fission plate and the thermal column to absorb the thermal
neatrons before they reach the fission plate when irradiation is not desired. The
fission plate itself is a circular plate 0199 inches thick and 28 inches diameter,
consisting of uranium-235 »f 93.14% enrichment. For all.practicai purposes the
fission plate is a plane source.  Measurements of the fast neu%ron does rates off

center line from the fission plate indiate that at 10 cm off center line the fast

L2
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nentron dose rate is only 23% iess than on the ¢enter line. Oup semples were

located nol more than 5 cm off the center line so that it can. reasonably be

assumed that the neutron flux was vniforn 0 within about + 1% over the gampl.e

holder. The reactor i%tself has a nuximum pover of 2 mgzawatts and ‘s a water
iy (=]

moderated, wabter cooled enriched wranium fuel tyoe reactor. Tt is shieliced by the

water in “he pool plus concrete. One side of the reactor is sdjscent to the

thermal coiumn, the end of which 4s the fission plate facility. The 5 inch

diameter aluminum tube in which “he irradiations were per?

3 - kS i~ LT L
~oImea was located approximately
3N L e e) o A £~ P et . 7, o o 2 ~ay T \
<ringhen fron {he corner of the rezetor ViaCA w5 apDIroRinaiiely  roclanzolar in
) my, PORURE S ad PN = .y t oA o~ ~ = o s
shane. Th SEOLEr O lae samples wes liantan saveral acncs asove the conter

iine of the vrezctor.
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ir'o 2 Leeds & N.rthrup strip chart recorder. A brass plate one inch thick

with a square hole through the center 7/8 inch on each side, was placed behind

the saaple holder near the beam fubs exit. This hole was carefull 1iy aligned with the
sazples vhen they were mounted in ti: fixiture such that ¢ e protons passing threough

and from therv into the Faraday Cup. Any proions not passing through the square
hole were stopped in the brass plntc and not collecied by the Faradaw cup. Thus
the beam eurreat o3 measurcd was Twt of protons cond

hole. Irn ordlzr to ohtoin the in

measure the area vnder the curve. In crder
results each curve wzs measurzd over Lhe
e botton portion of the curve at leasi twice.

N S 2.3 . 3
mpacuremente did not agres to within

. . PN Vom oy S By R S R B g vy o > A .
such agreement wag obizined. Onos this wmas completed the averszze of Lhs two rozd ings

wag taken to be ths actual area undey the curve. T 15 Loileved thal the roton
Tlux determired in this mamner is cocuvsie io within 53, Also it is beiieved that
the Faraday cup measured accuraiely ithe tqtal nrstons incicent on the entrancs
window of the cup since it was determined that by varying the voltzsze on the entrance
wirdow with respect to the cup itseif no apprecizble effects were observed for
voltages ranging from +300 volts to =303 volts.

The neutron irradiations were performed at the Batielle Memorial Institute
Research Reactor Facility at West Jeiferson, Onio. AL the Dattelle Reactor the
fission plate was used as 2 source of newtrons and 2 tube in the pool naar the
reactor was used to obiain the modsrated neutrons. Eight cells of each type were
exposed in both the fissioﬁ plate and the pool. In the fissicn plate, the 6-inch inside

diameter alumimum tube reached from the surface of the pool in which the fission
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2

wlate was confaliped to 2 l/h inches below the center of the fission plate. The
colzr cells and ¢he monitoring folls were mounted in the holder as shown in Figwre
10. 7For the dicstance of apprcximately’b inches about the ceﬁter cf the fission
plate the peutron fivx is consiant to within about one per ceat. (41} The sumples
were lowered into the tube by means of a 1/4 ipeh diaméter 2lunimm tube attached
+c the sample holder. '

The top of the zluminum tube ias bent so thzot the semples

could elways be criernted in the seme direction curing the ermposure. rFor a2l practicel
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Suiphur and nicikel threshold foils ware uvoed
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and & knowlcdge of the fissicn gpeoirum was uoed U DOvLLd G2 LOULL LoDl Laux Trom

Temeter gnd at the
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The tube in the pool woms cpproximately 5 inche

bottcam of the tube a cedmlum Pasket B0 milz thick end sovv.oximelely 12 fuches deep

vas inserted to rcmove the thermal nculrons. Urontu 238, selrhur, aad
aluminum foils were used to cbiain points on the speairal cuwrve at the hicy neutron
energies. A cafmium difference technique ntilizing cobalt foils was usad Lo oblaln

the resonance and thermal flux. Figure 11 shows the Watt’s fission spectrum and the
moderated spectrum as hardeneé by the 2l inehes of water between the reactor core
and the tube as it was located éuring the irradiations. The neutron £1ux was mon-
itored with sulphur foils during the irradiations znd the measured spectrum wae
used to obtein the integral fast flux. The solar cells were mounted on the sanple
holders as in the case of the fission plate experiment and epproximately 2% feel

7

of 1/4 inch diameter alumi- - tube was attached to the sample holder ito irsert the

samples ioto the tube. Agaln, these
by means of a bend at the end of the
pool was approximately 116°F. It is

this tempersture during the exposure

one minute prior to the exposure.
; P

samples were maiutained in the seme orientation

tube. The water temperature 1n the reactor
sssumed that the sawples were at epproximately

since the samples were in thepool for at lecst
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d. DESCRIPTION OF MEASUREMENTS

Hore of the moasurements performed on the solar cells were made during irradiation.
At the ¥cGill cyclotron a large azount cof radio frequency interfc”ence was prescat.
Tiis noise was more than the expected signal from the solar cells and in time occurred
almoct simultaneously with the beam of protons coxinzg from ths cycloiron. 4s a
result, 1t would haveiﬁean extramely diffienmlt to separate the interference signal

from the signal cbtained from the scizr cells for 1ifetims meosursments. Since the

neutron irradiztion was steady state,

- 3 e = ~ < o~ - -, | PN - T
the carrier decty technigue. Since it wowld have bosn exirezs

deternine the gemzma phclon {Ivi, no diffuzion lengin nsssurcments duvdny frradiation
were macls. ' ¢

I - o wemer ey el i PRI R T SR S N, S | el 2Tl e B
The meagsurezents mzde on the solar cells consloted of 1hs Q3 2nd 131wirated

corditions, voltsze and currant

crse bias carves fron zero up te 35 voltlcs,

The fervard bias curvs wss algs chizinced under on orilo leny 608 sun “llumination
: . . N e o iement s oAnD oo
which was produced by a tungsten fleod lers (Fizuie 12) coorating at chout 22387 K.

Jocated 2bout 15 inches above the sclar czli. The selar ceolls wers mounted in 2

brass block which was used as a hezi si:

%‘
¢t
o
3]
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]
< e
B
o
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orm temperature during the
‘one sun measurements. The temperature was maintained at 27° G, + 2° by running

water through a brass block on which the sample rested during the measurements.
Therzocouples were attached to the brass block and the ouilput of the therzocouple was
compared against a reference junction which was maintzined at 0°C by means of an

ice bath. The output of the solar cells was connected across a one chm resistor

and a Hewlett-?ackérd nill” 1t meler measured the veltisge drop across the one ohm
resistor. This particular reading gave the solar cell short circuit current under

a one sun illuninaiion. Complete voliage current curves under the sazme illusination

were obtained by connecting the output of the solar cell in series with a one ohnm
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The diffusion
> "1
L)

At 1.03

(210 H {1-R)/2.252 Isg) - 1

alcrons the abzorption cocfficient of

7 PR, |

refleciivity of severel p/n c2lls was moasursd and

11.0% with the nean falling at 7.1%. The

n oy

8.2 to 12.9%, with a mean of 10.8%. Dolivery and tost schcdule Lining pro .ed
pre- and post- measurcments {ror being mads on 231 the ozlly.
The ineident ener . .. the sclar cells fron the on2 ZLiCTOR COUNGO wWas

determined to be €0 microwatis/ex™ eSiimated o
It was also fourd that the intensity veried by about

the cells were measnred.

chan 2

at the two positions at which
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Four zells woere obtained from Bell Telephonz Labor i

of which nhad boesn deterzine the olectiron

..',\-
langths of these sams cells were meosured with the one
are given in Table VIX,

TABLE ViII

P R Seren S pm
2CCBI0TEToT Lotunligat,

Rmieron Sourcit.

Cell BTL Valwes 20 Values
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crgen of the mlnorily carriers in the base region ¢f the sslar
cells wvas calculated from the short cireuit current response at one microa wave-
length by means of Equation (21). The exporimental dota showing the diffusiocn
lengths of each cell at the verious emergy levels of irradiaticn is presented in
tables B-1 =32 B2 in Appendix B. It will be noted that there is comsidersble
variation in the initial éiffusicn lengths. The larger values of dlifusion
length ar> probebly due to error in experimamtel technigua. Prelimirary anszlveic
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2 4

The damage coastawis for
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Lol ob3eresd snorocs in tho diltwsicon _Le;;,:,ths of

esch solar cell, as calsulated from the detining ecuction
-~
(i = /52 4 g g
.J.b = kg (3 S .
are aleso proscated in tables B-1 4nd B-2 o S DL T drpacs

o S - P IR . H ) = [P, P RS
constant was culcviated ut exch dose iorol ool

veiw: ol Girfasion

WILL TRArULCLE

length In each case. For :

~

enerzy, ail damige constant :nd

ninimum values are vresented in table VITT..

- /

The CGegradition of solar cell short cirveult current ot 1 sun 1llumirsticn
due to proton and neutron irradiation is shown in Figures B-1 threuzn B-8 in
Appendix B. The complete vnltag» current characteristics of typical cells are

showa in Figures B~-9 through B-20 in Aprendix 2. The degradation of short clrcult

current is in agreement with existing knowledsez of szolar cell damage mechanisms,
i.e., @ecredse in short cireult current through reducticon inm diffusi n lengihs.

These curves pressn® i common bise for compurison with data of other experimenters.
The complete voltuge-current characteristics reveuls that the rermunent

damige to solar cell durk churucteristics is not similer to permanent dim:ige in
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These curves ..lso indicute 1little change in char.cter-
&

indicutes that 41l cells funciicasd

R

isties throughout the Ilrradlations, which

roperly after each irrediation.
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D. DISCUSSIOHI CF RESULTS

L4 proton-meutron damage correlaticn lor the diffusicn lengh change in silicen
soler cells wae determired throush the previcusiy discu:::sed etperizental progran.
Table IX gives the correlation for the different proton creriles versus the rsutron ,

cetrum.  This waes done by cowparing the respzetive diff.clon length damage constents.

Figure 14 alco chowe the respective dameges in graphical form.

~ T > SRLST
o OF PROSUT DAMAGE OOIET

Loral

o s e
ve G.795
s - Ll 3 - e -~
£3.9 Moy Protona 1,51 1.35
Pissicn Deutz=ona
5 =0 -
.50 1.7
“ e -
A 0,61
‘! - - .
65.9 ¥aov Protons 2,k2 1.04
g s ¥
Moderated Heutroms

ls8 5 M¥Mav Proteas L, 76 1.32
foderated Heusrons

One should be cauticus in using these ﬁ&."’a&": gerraiations. As wes B in the

C)
'- ‘a
o
o
A
fe?
0
A

theoretical studles and substontisted by cur cmpirical work on the dats from litersture,
the corveletica will i, depcnding ong

1) Basic Msteriel Resistivity - This varies amcng cemlconductor devices and

types, dependent on bulk meterisl rosistivity, menufecturer and

manufecturing process.
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2) Basic Material Doplng and Inpurities - Different tyres of semiconductor
devices use various dsping materials such as indium, boren,
etc. Material trocessing depending on whether it is monu-
factured 'b;y" tho floating zoze or pulled process will ‘na\*e an

impurity predcminance, such as oxygzen, which, ia turn, will act

as a trapping center for vacancies craaoj. g defactis.

N KN - F P
Teble X gives a compariscn of the proton-zeutron correlaticrz “hat have heen
T \- -L - -2 - STd. 3. D DT a N e e A T T e - gty e g
LTGRO CRogTr o2 ZoorLneliers, L0 NS QLELECULT O Il LTQCT CoTmAnisons
~va D . e - ——- et el 3 - e T -t -~
enzrgies, 2 matorial end motlhol of Jotowvmlization vary.

L0 ¥aov Protons L5022

4O Mov Proton 6.8
Fiasion {eutron

Ia the case of BCA, Zhelir deternination was based on 1T ¥ev zeutrons and an

) : 2
aspumption of isotropy. wucy a2lso hsd considexed the nsuiren damage to be uniform and
o clustering. Bell bad use, for ccmperiscn, a semiconductor materisl of 5 cohm-cm

and we had used in our experiment a value of 2 chm-cm. EBatealle estimates were made
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prizmarily besed oa ilterature date, in which, they do caution the reader of the guess-
work they used. In ncne of the gbove refercnees, were there centrolled e:jarimzents

"

An additicral cbeservaticn was zauz during thls study vhich dees not parstaia to
the p:nﬁ‘ton—neutron caxage correlations however, 1t does concera the diffusion lJerncth
demage constants whdch we have determined. We have not agreed with the BTL {22) data.
Tnls is D1odably due to the differcoce 1a diffusion lengih lemngith measurcoeut "-f;::ch;:zi:;uea
We used the ¢x2 micron techunigus vherseby thoy uzed an esceclersicr method. ¥ also

nnoyw thot the experizental

feadma A4 i or
paSaSee- e S5 $RAC WITE CLELZEERE an EESILE 563
R, w dmteem gad s 3 - mm T s e - SRR g Ty T T R AL o S N S B S S g oy =
wostier e mineriity caryiorx LEFeltime ozl elnde Jooa doifusicn longth Ztasurcereontis
I ] S et e o] e oo a T AT T L el T e r e 2 Paeen T TN T e T et Y e
T Irtm & QIXesU Lramsicuy itihcd.  Lddeltizme Jovogn Jren diddusicon Lzl ig e faztow

~ 2

T @ ~ } < . s . SREX S . W S S - - 3 e e -y
length is & fector 20~10 larger then Wewtheirs'z {Im?. 17 224 13) fissicn niszte uouiron
daemaze by & treasient movhod., Theore is Eiulyie oAt techeigue
e -~ A 3 L5 - -~ &

o determine where the ecrror lics.
e D -+ = oy s B L = N ey S DA RN I B
In the thooretieal dliscusszicn, we csiculated thoe mulizr ef Jofoeic 7or vacancy
= s, b 2 . WA P 7 vz ST AGmm meme—y vl - R S
Zrom theoreticel models and proton Gate. We caw ¢ the sane with owr ovolton datea.
- - - 2 e,
In Table ¥, our resulis for the mroten data ars shown.
TMATITT Wy
TARLE XX
8 £ oy . = -1 H H a H
EAnTRZY iICross Scction cn ! 3 :
i 5 ey & o I T
May i ¢ Coliisioni & d Digpiacemont i W Lype i P Tyne
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58,9 32.1 125, 16.8

59605 2308 93. 8.

(G\]
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[#3]
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AT 7,

S . o
Average . /T 4 = 1.35x10 L4210
et

When the Mfeliic demage per vecancy per cm3 from Table XX is divided by the
lifetime damage peor defect per cm3 Ifrom Table III, we agein cblain an cstimate of the

number of defects.
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The study program hes detcrmined a prolon-meutren damage orrelatlien in sllicen

(]

selzr eclls which ranges fron .6 to 4.8 depernding oa p or n type base material,
proton energy and npeutron spsctrum. Tt 1s not kmown vhether thils correlation would
apply to other semiconductor devices.

The attexpis at arriving at a correlation from thecretlical considerations using

ckanisms of darage by zrotems end neuirozms In samleorducior materlal weos
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this reason, theorecically
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of the basic meterial. Thaic peossidbly imdiczica Toox S0 (s cis o? addotiore

herdened semieenductor é'aviées will prececd in o neutrons and
motons.

In the ztudy invelving use of existing data in the litsrature, it was not possible
to arrive ab a reliadble empiriesl neutron-yproten correlition, There wes teoo vwide a
spread in the ncutron dazmge data dus to the use of varicus azmicohductor devices and
types of materials, inadeguate reporting of dnta snd no dsta tvailsble on similar

semiconducting material under beth proton and neuirea 1 vadistlon.
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VI RECCSEHDATIONS

Further studies need to be perfnmmed in this area In order to esteblish

gdequete neutron-proton correlatica in semlconductors such as:
1. 2déitioncl refinement nceds 1o be performed on this study progrem.

1o 4 ~ Py P s e 0.0 N PR T e - P-4
stetlisticsl analysis could be mede. Axn 2dditicnrl effcri shouvil

b e A 1 T N N Twr gt T Fmama I )
else e coniled Lo more thoTouzair oo el e Chooros ool

P

P S _,
Talweed VWivalle

ies with the o
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XDEeT
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A - % “ [ . T SV - L o Tarma

2. A cocrrelatlon has becn determired for silicin solty coilss ILozs
) -~ 2 p) b B } %) (. b - e e - E 2 - ~
vhis cerrslation hold Zor anclther tyro dovlice, such s o licle o

trensistor, with the some

L g -
Such c¢uesticns stiil shoull
P -< T A 3 e n et pmatn % b e % ~ - e e e T —~-
end 1 there is a vuristlion, whaeb dcze it Jonod o,
Ty iy = de o > = RO PRy ERON - v Fmes T le sl e
3. Theoreticzl g experimentel stuldios o weesr buldk mocooisl

- ke SN 2 b Ferde S . ny DT ey =T SR T e Sy e o
GO CGETUIITILIRE DOULeY CGLRDLIe ZmOLeld3 10X Lon 5 207 DICTCLS .
() R

O s Tt

caonses, such &3

Bffort is also needed to relate the

displacements, vecancles, ete., to proverty chenges such os minority

carrier lifetime, ete. This effort, which hes boen started on this
program, could heave far reaching Imporisnce In the development of
rediation-hardened ccumponents.

ffusion lexngth

Sl W

4. In our study progrem, we heve deve
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nmeasurenent technicue for solar cells exnd bulk meterial which looks
nromising in to the associated instrument is convenient, cconcmical,

fast, and vortable. To date, BTL is the only organization making diffusion




length reasuraments and these necessitaite the use of n ei.ectron
accelerator.

A serious discrepancy exisi: between minority cervier lifetire
measurements using the transient method axd the minority cavrier
lifetine vhich is calculated from the diffucion length me:surements.

Studies are needed to investigate this Further.
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TABLE A-X {cont'd.)
</ . /
GATN b K
TRANSISTOR TRANSISTOR . EEFORE AFTER Ter, (e) / 7 -1
TYPE HO. IRRAD, TRRAD. EEFORE AFTER ' (PR mm/srac/me)
SN16QA, HPR 35 34 13 9.8 $.0 1.6 x 10‘5
GERUANTUM 36 by 16 11.5 20.45 L.lx ¢
37 36 : 20 18.1 16.1 i..x "
38 36 i3 10.9 9.6 lLix "
39 36 ik 11.0 11.1 .7z "
3 L0 Lk 20 12.1 11.8 iox "
Ly L6 20 1%.3 12.75 Toex T
| L2 32 i3 7.9 7.5 Lex "
. '_.L e W “:: averaoe
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w7
) A 9.3 x X ' = average
2ns26 u8 63 10 5.0 R ENR AP Fal
Dcmmm*ﬂ L9 53 1 Lo 3.7 1.1 30 2
' | 50 L 21 %.15 3.35 3.0 A0 -
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52 N ki 5.13 3.33 SRR T
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Th L2 9.k 4.0 x 10_¢
75 48 3.0 L.54x 10
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! Figure B-16 4
Dark V-I Characteristics for a Typical nfo Solar Cel
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'Figure B-18
Dark V-I Characteristics for a Typical p/n Solar Cell
Irradiated with a mederated neutron spdctrum
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Figure B-19
Ona Sun V-I Characteristics for a Typical n/p Solar Cell
3 irradiated with a Moderated Neutron Sgsctrum
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